The nutritional suitability of Ceratium furcoides for Eudiaplomus gracilis, Mesocyclops leuckarti, Thermocyclops oithonoides and Cyclops abyssorum was studied by observing ingestion and assimilation. The dinoflagellate was ingested by female adults of all species. The calanoid copepod E.gracilis could not utilize Ceratium; mortality was high and no egg production was observed when Ceratium was the only food source. Mortality was low for the adult cyclopoids on this food and reproduction indicated that Ceratium was assimilated. The first two copepodite instars of M. leuckarti were not able to handle Ceratium, while older stages preyed on them. The dinoflagellate was not ingested by female M.leuckarti when its densities were low. Advanced copepodite stages of C.abyssorum developed into adults on a diet of Ceratium only. Mesocyclops leuckarti females ingested Ceratium when offered a mixed food source of Ceratium and the rotifer Brachionus rubens, but the rotifer was positively selected, even if its density was low. The results show that Ceratium provides a suitable food source for advanced copepodite instars and adult cyclopoid copepods, although it is not a preferred food source.
Introduction
Dinoflagellates are generally believed to constitute poor food for most crustaceans, due to their size and spiny shape (Pollingher, 1987) . Conover (1978 , cited ex Nielsen, 1991 , Marshall and Orr (1955) , Elbrachter (1973) , Graneli etal. (1989 , cited ex Nielsen, 1991 and Hargrave and Geen (1970) found that marine copepods did not consume Ceratium spp. In a more recent study, the largest marine copepods were found to feed on Ceratium, while the smaller species could not ingest Ceratium spp. (Nielsen, 1991) .
In freshwater ecology, it is rare to find freshwater copepods grazing on dinoflagellates. Brandl and Fernando (1979) found that the predatory stages of Mesocyclops edax did not consume Ceratium. Karabin (1978) and Adrian (1988) reported that cyclopoid copepods ingest Ceratium occasionally. Hard to ingest dinoflagellates are believed to have little nutritional value (Williamson, 1984) .
Recently, a growing number of studies have shown that soft-bodied flagellates provide a suitable food source for the survival, development and reproduction of the predaceous stages of freshwater cyclopoids (DeMott, 1990; Adrian and Frost, 1993; Santer, 1993a; Santer and van den Bosch, 1994) .
Owing to their ability to handle bulky prey items with a hard outer body covering, like rotifers (Fryer, 1957a; Williamson, 1984 Williamson, ,1986 , copepods should be able to feed on thecate dinoflagellates. In this study, the nutritional suitability of the dinoflagellate Ceratium furcoides for three cyclopoid and one calanoid copepod species was examined. Copepodite instars and adult cyclopoid and calanoid copepods were exposed to a Ceratium suspension, to test their ability to ingest and utilize the dinoflagellate. Copepodite development and reproduction were used as indicators of the assimilation of the dinoflagellate. To answer the question would Ceratiumfurcoid.es (CCAP 1110/4, C.hirudinella fo. furcoides) came from the culture collection of the Institute of Freshwater Ecology, The Windermere Laboratory, Ambleside, UK. Cryptomonas sp. (979-6) came from the culture collection of G.Schlosser, University of Gdttingen, FRG. Both algae were cultured in batch cultures using modified WC medium (Guillard and Lorenzen, 1972) .
To determine the carbon content of Ceratium cells, culture samples were filtered on pre-combusted glass fibre filters (Whatman GF/C) and dried at 60°C overnight. The carbon content was determined by combustion and IR measurement of CO 2 (Krambeck et al., 1981) . The number of cells in the culture was counted under an inverted microscope.
Copepods were sampled 2 days before each experiment from Schierensee, a small eutrophic Holstein lake located near Plon. Ceratium spp. occur in high numbers in this lake during the summer months (Santer, 1990) . Copepods were preconditioned for 48 h to the light and temperature conditions used in the experiments, and adapted to the WC medium. They were starved for 24 h before the experiment.
The length of the copepods was measured from the anterior end of the cephalothorax to the end of the furcal rami at 50x magnification. The carbon content of the cyclopoid copepods was estimated using the length-carbon relationship given by Santer and van den Bosch (1994) . For Eudiaptomusgracilis, carbon content was estimated from dry weight using the mean specific carbon content given by Hessen and Lyche (1991) . Dry weight was estimated using the length-dry weight relationship given by Bottrell et al. (1976) .
Feeding experiments
The general design was to add a certain number of copepods to small bottles containing a Ceratium suspension. Copepods were allowed to feed on Ceratium for 1 or more days. Three or four replicates were performed for each experiment, three or four replicates without copepods served as controls. The bottles were kept in a temperature-and light-controlled room at 20 ± 0.5°C and at a daily light period of 16 h. The bottles were continuously turned over (0.5 r.p.m.) on a tissue culture roller to avoid aggregation of Ceratium and copepods. The experiments were stopped by adding a few drops of Lugol's solution to each bottle. Numbers of Ceratium cells were counted, undamaged cells with visible cell content were regarded as living cells; dead cells (empty thecae) and cell fragments were also counted. Three cell fragments were counted as one dead cell. Samples containing low numbers of cells were counted completely; at high densities (>20 cells ml" 1 ), at least three subsamples per bottle containing 2, 5 or 10 ml were counted.
The effect of copepods was tested by comparing the numbers of living and dead Ceratium with copepods (treatment) and the numbers of Ceratium without copepods (control). Ingestion of Ceratium was calculated from the differences in total cell numbers (living and dead) between treatments and controls. The details on the different feeding experiments are summarized in Table I . To determine changes in the Ceratium population during the experimental period, which might have been caused by cell growth or natural mortality, the numbers of living and dead Ceratium cells in the controls before and after the experiment were counted. No significant changes in cell numbers were found during 1 day. In the first experiment (duration of 4 days), changes in the controls were not examined, since the aim of this experiment was to detect differences between copepod species. Prior to the selectivity experiment, an experiment was performed to test the influence of the rotifer Brachionus on Ceratium. No effect of Brachionus on Ceratium was found.
One-way ANOVAs, followed by post hoc tests, were used for analysing the differences between treatments and controls. When the rotifer Brachionus was offered together with Ceratium, a two-way ANOVA was performed testing the effect of Mesocyclops and the effect of Brachionus density on Ceratium.
Development and reproduction
Advanced copepodite stages and adult copepods were kept in small glass bottles (100 ml); the Ceratium density was ~16 cells ml" 1 , the numbers of copepods are given in Table III . Three replicates were performed for each copepod species. One additional bottle of each species was kept without food and served as a control. Temperature and light conditions were the same as for the feeding experiment. After 4 days, the contents of the bottles were filtered on a 50 ^.m net and rinsed in a Petri dish. Dead animals were removed. Living copepods were narcotized with a few drops of carbonated water, and developmental stage and ovaries were monitored. Egg sacs were removed with a thin needle and copepods were transferred to fresh food media. After 7 days, developmental stages and egg production were monitored again. Numbers of eggs per egg sac were counted and a few egg sacs from each species were pipetted into 50 ml glass bottles containing WC medium and Cryptomonas sp. at a density of ~1 mg C I 1 . These bottles were checked for hatching nauplii and viability of nauplii.
Results

Species-specific feeding
Significant reductions (ANOVA, Bonferroni P < 0.001) in the total numbers of Ceratium (= living and dead cells) were observed for all tested copepods after the 4 day experimental period. This indicates that Ceratium was ingested by cyclopoid and calanoid copepods (Figure 1 ). Cyclops abyssorum preyed on significantly more cells per day than all other copepods, while Thermocyclops killed significantly fewer cells than all other species (ANOVA, Bonferroni P < 0.001). No significant differences were found between the cyclopoid copepod Mesocyclops and the calanoid copepod Eudiaptomus concerning Ceratium mortality (difference in living cells).
Significant differences were found between all copepod species when comparing only the numbers of ingested Ceratium cells (ANOVA, Bonferroni P < 0.05). The presence of the smaller cyclopoid copepods Mesocyclops and Thermocyclops caused a significant increase (ANOVA, Bonferroni P < 0.05) in the number of dead cells and cell fragments during the 4 day period. Some Ceratium cells were obviously only destroyed, but not ingested, by the small copepods. Only -75% of the destroyed cells were eaten by the Mesocyclops. Thermocyclops ingested less than half of the destroyed cells. This phenomenon was not found for the large cyclopoid copepod Cyclops abyssorum and the calanoid Eudiaptomus. They seemed to be able to ingest whole cells or they destroyed them, but also ingested the fragments.
Considering the average carbon content of one Ceratium cell (5.3 ng) and the carbon content of the copepods (Table II) , the carbon ingestion via Ceratium is only 0.2-0.4% of the body carbon of the copepods. Since only ingested cells were included in these estimations, the values might be slightly higher for Mesocyclops and Thermocyclops, which might have sucked out some cells without ingesting the cell walls. On the other hand, cytoplasm might have been lost when breaking apart the cells (sloppy feeding). 
Development and reproduction
The fifth C.abyssorum copepodite instars matured and produced eggs on the Ceratium diet. Egg production was also observed for the other cyclopoid copepods.
Since no egg production occurred in the controls without food, egg production caused by storage material can be excluded. Thus, the results indicate that the dinoflagellate is not only ingested, but also utilized by the cyclopoid copepods. The calanoid copepod Eudiaptomus gracilis could not utilize Ceratium as the sole food source. The copepodites died and the females were not able to produce eggs on this food source. The proportions of egg-carrying females are presented in Table III . Some females from all three cyclopoids produced eggs more than once during the 1 week experimental period. Mean clutch size of Mesocyclops was the highest, while Thermocyclops egg sacs were smallest. Mortality was low for C.abyssorum and Mesocyclops leuckarti (Table III) , while 20-100% of the female Thermocyclops oithonoides died within 1 week. Only one calanoid copepod was alive after this period.
Stage-specific feeding
The first two copepodite stages (Cl, C2) of Mesocyclops caused no visible changes in the Ceratium density during the 1 day experiment. Neither a reduction in number of living cells nor a reduction in total cell number or an increase in number of dead or broken cells was found. When the third copepodite stage of Mesocyclops was exposed to Ceratium, the total number of Ceratium did not change, indicating that no cells were ingested. The number of cell fragments and dead cells was about double the number in the control group, while the number of living cells was reduced. The third instar copepodites were obviously not able to swallow Ceratium cells or even cell fragments, but they damaged cells. The fourth instars ingested 7.1 ± 2.7 cells per individual and per day. An increase in the number of dead cells and cell fragments was observed as well. The number of dead cells was 2-3 times higher than in the controls. The results for the fifth copepodite stage were surpris- ing. In contrast to the fourth copepodite instar, the total number of Ceratium did not change, indicating no ingestion of cells. The number of empty and broken cells increased, thus the C5 copepodites might have sucked out Ceratium cells (see Discussion).
Feeding on different densities of Ceratium
At low Ceratium densities (2.6 and 11.3 cells ml"'), no influence of copepod feeding was found. Neither the number of living cells nor the total cell numbers (living cells + dead cells + cell fragments) were significantly different from the controls after Mesocyclops females were present for 1 day. When the density was a bit higher (21.6 cells ml" 1 ), the total number of Ceratium was not significantly different from the controls when Mesocyclops was present, but a significant difference between the treatments with copepods and the controls was found when only the number of living cells was considered. This indicates that cells were killed by the copepods and the cell content might have been ingested. At higher densities (>43.5 cells ml" 1 ), total cell number was reduced compared to the total cell number of the controls, indicating an uptake by the copepods. In addition, destroyed cells were observed (Figure 2 ). The amount of empty cells and cell fragments ranged between 4 and 13% of the Ceratium mortality. At the highest Ceratium density (161 cells ml"'), one Mesocyclops female ingested an average of 209 cells during 1 day. This results in a carbon uptake of 1.1 ng or 31 % of its body carbon per day.
Since the curve in Figure 2 showed no saturation plateau within the tested food concentration, the copepods should be able to feed on even more Ceratium cells per day at higher densities. The clearance rates show a slight decrease from 1.8 ml day 1 at a density of 43.5 cells ml 1 to 1.3 ml day 1 at a density of 161 cells ml 1 .
Feeding on Ceratium in the presence of Brachionus
When the rotifer B.rubens was offered to the Mesocyclops females together with Ceratium, the dinoflagellates were still eaten by the copepods (P = 0.0036). Brachionus was always preferred to Ceratium, even at its lowest density (Table IV) . The Ceratium ingestion fluctuated strongly between the replicates in this experiment. The mean numbers of Ceratium eaten by the copepods were not influenced statistically by the rotifer density (P = 0.13). The numbers of Brachionus eaten by one copepod female increased as their density increased. Table III . Egg production and mortality of copepods on a diet of Ceratium after 1 week. M: Mesocyclops leuckarti; T: Thermocyclops oithonoider. A: Cyclops abyssorum; E: Eudiaptomus gracilis. C,: nth copepodite instars. In the controls (C), copepods were not fed Copepod species
Number and ins tar 1 9 1 9 1 9 1 9 1 9 1 9 1 9 1 9 
Discussion
The data presented here show that C.furcoides can be utilized by all three freshwater cyclopoids. The dinoflagellate was ingested and assimilated by cyclopoid females and older copepodites.
These results are contradictory to the findings of Brandl and Fernando (1979) who reported that the predatory stages of the freshwater copepod M.edax did not ingest Ceratium when fed an almost pure fraction of this alga. In contrast, Karabin (1978) reported that M.leuckarti consumed C.hirudinella at low rates, when fed with phytoplankton containing 90% Ceratium. Dinoflagellates are believed to be hard to ingest and to have little nutritional value. Williamson (1984) found that the dinoflagellate Peridinum was ingested by M.edax, but not digested. In the present study, the cyclopoids were able to metabolize Ceratium, which is indicated by development and reproduction of the cyclopoids.
To my knowledge, no information is available in the literature regarding the ability of freshwater calanoid copepods to utilize dinoflagellates. Since only one calanoid species was tested in this study, no general assessment on the food value of Ceratium for freshwater calanoid copepods is possible.
Most marine calanoid copepods did not ingest dinoflagellates (Marshall and Orr, 1955; Hargrave and Geen, 1970, Elbrachter, 1973; Conover, 1978 , cited ex Nielsen, 1991 Graneli etal, 1989 , cited ex Nielsen, 1991 Nielsen, 1991) . Only a few calanoid copepods, i.e. Temora longicomis (Schnack, 1976) and the large species Centropages hamatus and Centropages typicus (Nielsen, 1991) , fed on Ceratium spp. Calculated from data from Peterson et al. (1991) , Nielsen (1991) concluded that C.hamatus and C.typicus are able to exploit the dinoflagellate and to increase their egg production. In the present study, E.gracilis could not exist when Ceratium was the only food source, but since the copepod was able to ingest the dinoflagellate, it might provide an additional food source for this copepod when it is added to an algal diet.
Little is known about how copepods ingest Ceratium. Owing to the large size of the cells as compared to the copepod's size, it might be reasonable to assume that the cells were destroyed before ingestion. Cyclopoid copepods are able to tear large prey into pieces and stuff them into the oesophagus [Fryer (1957a) and personal observations]. Prey with a hard outer body covering, like rotifers, are scraped or sucked out (Williamson, 1986) . The increase in the number of empty cells and cell fragments of Ceratium found in this study when the small cyclopoids M.leuckarti and T.oithonoides were feeding on the dinoflagellate indicates that the cyclopoid destroyed cells and might have sucked out the cell content without consuming the hard covering. Parts of the cell walls were consumed, since the total number of cells decreased. The larger cyclopoid C.abyssorum consumed all parts of the cells, no increase in the number of cell fragments or empty cells was found. Fragments of the Ceratium theca were observed in the gut content and faecal pellets of the copepods. They might be difficult to digest or even undigestible, as are the thecae of Peridinium (Williamson, 1984) .
The ingestion of items of low nutritional value might be due to starvation of the copepods. Hungry copepods ingest low-quality food when no other food sources are available (DeMott, 1993; Santer, 1993a) . Owing to the starvation of copepods before the experiments and the low Ceratium density offered for the 4 day experimental period, the copepods might have been hungry and thus ingested the Ceratium thecae.
Mesocyclops ingested Ceratium even in the presence of an animal prey (Brachionus). The availability of algae and invertebrate prey was shown to be advantageous for the carnivorous stages of cyclopoids (Adrian and Frost, 1993; Santer, 1993a; Hansen and Santer, 1995) .
All cyclopoid copepods reproduced when Ceratium was the sole food source. The suitability of algae for egg production was also found for other cyclopoid copepods, but reproductive success was low (Adrian and Frost, 1993; Santer, 1993a; Hansen and Santer, 1995) . When Ceratium was the only food source, the clutch sizes of all three cyclopoids were within the range found in their natural environment (see Santer, 1990 ) and eggs were fertile.
Under natural conditions, Ceratium might serve as an additional food source for copepods, which might be important especially when convenient food sources, i.e. soft-bodied flagellates, rotifers, calanoid and cyclopoid nauplii or cladoceran juveniles and eggs (Fryer, 1957b; Gophen, 1977; Karabin, 1978; Williamson, 1991; Gliwicz and Stibor, 1993; Santer, 1993a,b; van den Bosch and Santer, 1993; Gliwicz and Lampert 1994; Santer and van den Bosch, 1994) , are deficient. This might happen in early spring, when the number of predaceous copepods is high and suitable prey is scarce (Santer, 1990 ). Ceratium appears in the pelagial at this time and the high mortality of Ceratium which can be observed in spring (B.Meyer, personal communication) might be due to copepod predation. The decrease in cyclopoid numbers in early summer due to the beginning of the summer diapause might favour the population increase of the dinoflagellate. Ceratium is not grazed by cladocerans or by most of the rotifers which dominate the zooplankton in summer (Sommer et al., 1986; Pollingher, 1987) ; it can develop high population densities during this season. Cyclopoid numbers are low during this period and predation does not have a significant influence on Ceratium densities (B.Santer, unpublished results).
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